Wild yaks roaming in the high-altitude Qinghai-Tibetan plateau have to maintain high metabolic efficiency. However, domestic yaks do not require such high efficiency because of their limited activity. Hence, domestication may have caused the relaxation of selective constraints on the yak mitochondrial genome because mitochondrial mutations are extremely sensitive to energy-related selective pressures. We have tested this hypothesis by analyzing the mitochondrial genomes of 51 domestic yaks and 21 wild yaks. The results show that the ratio of nonsynonymous/synonymous substitutions in mitochondrial protein-coding genes is significantly higher in domestic yak lineages than those of wild yaks. This genetic difference suggests that the relaxation of selective constraints following the domestication in addition to bottlenecks has allowed faster accumulation of nonsilent substitutions in the yak mitochondrial genome, despite its short domestication history.
Domestications, of diverse species, have been key events in human history (Diamond 2002) . It has been hypothesized that the improved living conditions following domestication released selective constraints of genome evolution in these species, and the consequently faster accumulation of genetic variations contributed raw material for artificial breeding of phenotypic diversity (Björ-nerfeldt et al. 2006) . This hypothesis has been confirmed by genetic studies of several domesticated breeds (Gu et al. 2005; Björnerfeldt et al. 2006; Lu et al. 2006; Cruz et al. 2008) , although some case studies have failed to detect such a trend (Rokas 2009) . In this study, we aimed to examine whether selective constraints have been relaxed in the domestic yak (Bos grunniens). Wild yaks roam in the remote Qinghai-Tibetan Plateau (QTP) at an average altitude of more than 5,000 m and they may need to maintain highly efficient energy metabolism to survive in their harsh habitats (in which, inter alia, the high altitudes are accompanied by low temperatures and hypoxia) (Wiener et al. 2003) . In contrast, domestic yaks still live in the QTP and adjacent regions, but the efficiency of this metabolism may have declined in domestic yaks due to their limited activity. However, this may not be true, as yet at least because yaks have a short domestication history and lower phenotypic breed diversity (Wiener et al. 2003; Guo et al. 2006 ) than other domesticated animals (Vilà et al. 1997) .
In the study presented here, we focused on the genetic changes in the yak mitochondrial (mt) genome following domestication, for two reasons. First, the substitution rate of this genome is high and recombination in it is rare, facilitating attempts to trace the genetic pedigrees of studied groups (Brown et al. 1979) . Second, mtDNA genes are likely to have undergone extensive changes in response to selective pressures because mitochondria provide up to 95% of eukaryotic cell energy, which is needed for a diverse range of activities (Galtier et al. 2009 ). Therefore, mitochondrial mutations are extremely sensitive to energy-related selective pressures (Björnerfeldt et al. 2006; Shen et al. 2009 ).
We assembled a data set based on the complete mitochondrial genomes of 51 domestic and 21 wild yaks (see supplementary fig. S1 and table S1, Supplementary Material online) and constructed a gene tree ( fig. 1A) . The ratios of nonsynonymous/synonymous substitutions (x 5 d N /d S ) for the mt protein-coding genes of the domestic and wild yaks were then estimated using the branch model (Yang 2007) . In the 2x1 model (wild vs. domestic), the domestic branch had a significantly higher x value than the wild branches (0.2312 and 0.0756, respectively, likelihood ratio test [LRT] test: P 5 0.003). The observed differences in x between branches were not biased toward any specific gene (data not shown). As previously suggested, by various authors, x is likely to be higher in terminal branches than in internal branches of gene trees because slightly deleterious mutations are likely to accumulate more frequently in the terminal branches (Hasegawa et al. 1998 , Ho et al. 2005 , Peterson and Masel 2009 . As a higher proportion of domestic yak branches are terminal in the gene tree we obtained, this could potentially explain the higher x in domestic branches. In order to examine this possibility, we first estimated d N /d S ratios along the internal and terminal branches of the wild and domestic yaks and found no significant difference between the two groups of branches of either wild or domestic yaks ( fig. 1B ). We (Akaike 1974) , was the 2x1 model (wild vs. domestic). The log-likelihood score of this model was slightly higher than those of the other 2x models (terminal vs. internal or deep vs. shallow). All examinations suggested that the domestic branches have significantly higher d N /d S ratios than the wild branches, whereas the log-likelihood scores did not differ significantly between internal and terminal branches in most cases (e.g., 4x vs. 2x1 and 5x vs. 3x1; table 1). The results of all these tests suggest that the selective regime is the major factor affecting the difference in d N /d S ratios between wild and domestic yaks, rather than simply being an effect of the accumulation of slightly deleterious mutations on terminal branches of the gene tree.
Because wild and domestic yaks are parapatrically distributed and a few wild and domesticated genotypes are phylogenetically intermingled (Guo et al. 2006) , the possibility that gene flow has occurred between them could not be totally excluded, although all the sampled wild and domestic yaks were morphologically distinct. Theoretically, such gene flow (if any) should have reduced the difference in d N /d S ratios between domestic and wild yaks. Hence if possibly introgressed individuals are excluded, a larger difference in d N /d S ratios between the wild and domestic yaks is expected. In order to test this expectation, we selected haplotypes solely belonging to the wild or domestic clusters (for details, see Supplementary Material online) and repeated all the analyses and tests. The results confirmed this expectation because the differences in the dN/dS ratios were significantly elevated (P , 0.001; supplementary fig. S3 , Supplementary Material online) and the significance of the difference, in the purer domestic and wild yaks increased (supplementary table S2, Supplementary Material online).
Increases in rates of nonsynonymous substitutions generally increase ratios of radical amino acid substitutions (Hanada et al. 2007) , whereas the accumulation of radical substitutions in mt genes may result in defects in respiratory-chain activity and thus reduce the efficiency of skeletal muscle as well as other metabolic activities (Taylor and Turnbull 2005) . In order to examine the biochemical effects of the amino acid changes associated with the higher frequencies of nonsynonymous nucleotide substitutions in the mitochondrial genes, we examined the frequencies of radical and conservative changes in the domestic and wild yaks (for details, see Supplementary Material online). Ten radical and 13 conservative changes in wild yaks were detected, whereas corresponding numbers in domestic yaks were 10 and 8, respectively. Although these differences are not significant (v 2 test, P 5 0.443), higher frequencies of radical changes were detected in domestic yaks. This seems to support the hypothesis that a relaxation of selective constraints on domestic animals has resulted in a gradual accumulation of slightly deleterious changes across their total mt genomes (Björnerfeldt et al. 2006) . However, these radical changes may be too deleterious to result in significantly different frequencies at the population level.
Domestic yaks, as well as other domestic animals, originated from a subset of wild ancestral populations (Bruford et al. 2003 , Guo et al. 2006 . The bottlenecks associated with the significant associated reduction in effective population size may have greatly contributed to the faster accumulation of nonsynonymous substitutions observed in our study (Eyre-Walker et al. 1998; Gu et al. 2005 ) because negative selection is more efficient in large populations (Kimura 1962) . More importantly, ferocious wild yaks roam the central QTP and move very rapidly because they have to seek food and mates and also escape from hunters (Schaller 1998 ). Thus, the mt genes of wild yaks may have been subject to stronger purifying selection to maintain efficient energy metabolism than those of domestic yaks. In contrast, docile individuals with lower metabolic efficiency were more likely to survive and reproduce after domestication than their wild counterparts. In addition to an effect of the reduced population size, this relaxation of constraints may have strongly contributed to the accumulation of additional nonsilent mutations in mt genomes of domestic yaks. In accordance with previous studies of other animals (Björnerfeldt et al. 2006 ), our study suggests that the evolution of yak mtDNA has been significantly Relaxed Evolution of mtDNA in Domestic Yaks · doi:10.1093/molbev/msq336 MBE modified following domestication, despite the short history (about 10,000 years before present, Guo et al. 2006 ) and low breed diversity of domestic yaks. It is likely that this relaxation has also affected other parts of the yak genome and generated substantial functional diversity. The accumulated genetic variations could thus provide raw material upon which artificial selection could act in attempts to breed more phenotypic varieties, as in other domesticated animals.
Materials and Methods
The sequence collections and tree constructions are detailed in the Supplementary Material online. The d N /d S ratio (x) is an indicator used to evaluate selection pressure.
The x values of the domestic and wild yaks were estimated by the branch model with the CODEML program in PAML version 4.2 (Yang 2007 ). This analysis was carried out based on the tree topology of the ML tree. The haplotypes shared by the domestic and wild yaks were considered ''wild haplotypes.'' The branches only leading to one or more domestic yak sequences were considered to be domestic branches (shown in green and blue, respectively, fig. 1 ). All other branches within the yak tree were considered to be ''wild branches'' as they either represent evolution pre-dating the domestication of yaks or recent evolution of wild yaks (shown in red and purple, respectively). In addition, we defined the branches leading to the three lineages as ''deep branches'' (dotted lines), whereas the other branches in the yak tree were defined as ''shallow branches.'' We further classified the branches as ''internal'' or ''terminal.'' Terminal branches (domesticated in blue and wild in red) led directly to either a domestic or wild sequence. The other branches (domesticated in green and wild in purple) were defined as internal branches. Because the branch leading to W71 was basal to the rest of the yak tree, it was regarded as an internal branch. We estimated the d N /d S ratio along the internal and terminal branches and total branches of the wild and domestic yaks, then recalculated each statistic from data sets produced by resampling each codon with replacement with 1,000 replicates. We applied nine models to the data set that allowed for different levels of heterogeneity in the d N /d S ratios among branches (Fig. S2) , then compared the models using the LRT to examine any interesting hypotheses.
Supplementary Material
Supplementary figures S1-S3, tables S1 and S2, and other supplementary materials are available at Molecular Biology and Evolution online (http://www.mbe.oxfordjournals. org/).
